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Reactive oxygen species (ROS) like hydrogen peroxide (H2O2) are
transient species that have broad actions in signaling and stress,
but spatioanatomical understanding of their biology remains in-
sufficient. Here, we report a tandem activity-based sensing and
labeling strategy for H2O2 imaging that enables capture and per-
manent recording of localized H2O2 fluxes. Peroxy Green-1 Fluo-
romethyl (PG1-FM) is a diffusible small-molecule probe that senses
H2O2 by a boronate oxidation reaction to trigger dual release and
covalent labeling of a fluorescent product, thus preserving spatial
information on local H2O2 changes. This unique reagent enables
visualization of transcellular redox signaling in a microglia–neuron
coculture cell model, where selective activation of microglia for
ROS production increases H2O2 in nearby neurons. In addition to
identifying ROS-mediated cell-to-cell communication, this work
provides a starting point for the design of chemical probes that
can achieve high spatial fidelity by combining activity-based sens-
ing and labeling strategies.

fluorescent hydrogen peroxide probe | activity-based sensing | redox
signaling | oxidative stress | NADPH oxidase

Reactive oxygen species (ROS) are a family of small molecules
that play broad roles in physiology and pathology (1–6). In

this context, hydrogen peroxide (H2O2) is an ROS that is both a
source of oxidative stress and a potent signaling molecule. H2O2
has been shown to regulate cell growth, differentiation, migra-
tion, and death pathways. Indeed, beyond its classical roles in
phagocytic killing of pathogens during immune response (7–9),
production of H2O2 via superoxide by NADPH oxidase (Nox)
enzymes in nonphagocytic cells (10) can trigger signaling events
that contribute to a diverse array of physiological processes in-
cluding neural activity and long-term potentiation (11–14) and
depression, stem cell growth and proliferation (15–17), circadian
rhythms (18–20), and wound healing (21, 22).
Owing to its transient and reactive nature, the vast majority of

studies on H2O2 signaling have focused on intracellular com-
munication events. Indeed, despite its small size and relatively
nonpolar nature, H2O2 is not freely diffusible through mem-
branes, and its entry into cells is tightly regulated, as our labo-
ratory (23) and others (24–27) have identified specific isoforms
of aquaporin water channels as endogenous mediators of H2O2
transport. As such, roles for H2O2 in transcellular communica-
tion remain insufficiently understood. This gap in fundamental
knowledge is due in part to limitations in chemical tools to vi-
sualize integrated H2O2 activity that can retain spatial informa-
tion over larger and/or more complex cell populations. Indeed,
there have been recent elegant developments in sensing plat-
forms and probe design (28–31). In terms of H2O2 sensing,
conventional small-molecule fluorescent probes for H2O2 can
quickly access sites of local H2O2 elevations but can also dif-
fuse away after ROS detection (32–43), diluting signal-to-noise

responses. Likewise, traditional fluorescent protein–based indi-
cators that reversibly respond to H2O2 can be localized by ge-
netic encoding but are limited to studies within a microscope’s
field of view (44–48) and do not provide a permanent signal.
Here we report a dual activity-based sensing and labeling

strategy for selective and sensitive fluorescence detection of
H2O2 with the ability to capture and record spatial information
over defined time scales. Peroxy Green-1 Fluoromethyl (PG1-
FM, Scheme 1) promotes a tandem boronate oxidation sensing
and quinone methide labeling sequence upon reaction with H2O2
to covalently trap the probe in cells and afford a permanent stain
that preserves spatial information on localized H2O2 fluxes. PG1-
FM is capable of monitoring elevations in endogenous H2O2 pro-
duction in live cells and is useful for both microscopy and flow
cytometry assays. As an example of its utility, we use this probe to
visualize transcellular ROS signaling in a microglia–neuron cocul-
ture system. This approach presages further opportunities for
combining chemical sensing and labeling strategies to decipher bi-
ology with improved spatial fidelity.

Results and Discussion
Design and Synthesis of PG1-FM. The design of PG1-FM combines
the reliable boronate trigger established by our laboratory for
activity-based sensing of H2O2 (32, 34) with a pendant fluoromethyl
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group ortho to this cage that serves as a latent quinone methide
species for proximal covalent labeling upon H2O2-mediated
boronate-to-phenol conversion. This tandem sensing and labeling
strategy affords the ability to trap the probe at the site of H2O2
reactivity (Scheme 1). We were inspired by elegant studies by Urano
and colleagues on the use of fluoromethyl arenes as latent elec-
trophiles for cell-specific labeling and killing purposes (49–51) with
single-cell resolution. In the absence of H2O2, the fluoromethyl aryl
boronate probe is freely diffusible throughout the cell and between
cells as it is membrane permeable. However, upon reaction with
H2O2, conversion of the boronate to the corresponding phenol
triggers fluoride elimination to generate a highly reactive quinone
methide electrophile, which, when generated intracellularly, can be
locally captured by proximal protein–based nucleophiles, leaving a
fluorescent product covalently labeled at the site of the activity-
based sensing reaction. A key advance enabled by the design
feature of this approach compared to conventional small-
molecule fluorophores is that it minimizes background signal
from extracellular H2O2 reactivity and entry of the oxidized
probe into cells, in contrast to previous probes that rely on es-
terase trapping and give signal from dyes both before and after
reaction with H2O2 (15, 23). Indeed, in this tandem sensing and
labeling strategy, oxidized dye products would be largely
quenched by either water or extracellular protein nucleophiles
and rendered membrane impermeable, where they can be readily
washed away from the cell. This feature results in enhanced
signal-to-noise responses from localized intracellular H2O2
fluxes. As such, this tandem activity-based sensing and labeling
strategy uniquely enables visualization of H2O2 with the ability to
retain and record permanent spatial information in both live-
and fixed-cell settings by covalent modification. Moreover, this
dual activity-based sensing and labeling approach should be
generally applicable to the design of a broader array of probes
for other biological analytes of interest. The synthesis of PG1-
FM was accomplished from methoxyfluorescein (52) through a
five-step reaction sequence (Scheme 2). Briefly, formylation of
methoxyfluorescein 1 with hexamethylenetetramine under acidic
conditions gave aldehyde 2. The phenol group of aldehyde 2 was
converted into a trifluoromethanesulfonyl moiety with N-phenyl-
bis(trifluoromethanesulfonimide), PhN(Tf)2, to yield compound
3. The formyl group of 3 was reduced by sodium triacetoxybor-
ohydride in presence of acetic acid, followed by the fluorination
of the hydroxymethyl moiety with DAST to give compound 4.
Finally, boronation of trifluoromethanesulfonyl moiety with a
palladium-mediated cross-coupling reaction afforded PG1-FM
(Scheme 2). Peroxyfluor-2 (PF2) is an activity-based sensing
probe developed in our group which is responsive toward H2O2

but lacks a proximal fluoromethyl group and is therefore unable
to undergo biomolecule labeling (53). As such, PF2 is used
throughout this study as a nontrappable comparison to PG1-
FM (Scheme 2). Over the course of our studies, the Hamachi
group reported similar cell-trappable reagents and applied
them to fluorescence microscopy and proteomic techniques
(54).

PG1-FM Is a Dual Activity-Based Sensing and Labeling Probe with
Hydrogen Peroxide and Protein Substrates. We first evaluated the
in vitro response of PG1-FM to hydrogen peroxide in aqueous
solution buffered to physiological pH. As expected by its activity-
based sensing boronate trigger, the probe exhibited a clear
fluorescence enhancement after treatment with H2O2 and con-
verted to a fluorescent product that undergoes subsequent hy-
drolysis with H2O by liquid chromatography analysis (Fig. 1A
and SI Appendix, Fig. S3). Moreover, PG1-FM gave a highly
selective response for H2O2 over other biologically relevant
ROSand reactive nitrogen species congeners (Fig. 1B and SI
Appendix, Fig. S1). PG1-FM, with its dual sensing and labeling
mechanism, gives a selective signal for hydrogen peroxide with
little signal for peroxynitrite under these conditions. We note
that some boronates appear to react much faster with perox-
ynitrite than hydrogen peroxide and vice versa in spectroscopic
experiments in buffer solution, but in cells the levels of hydrogen
peroxide are generally much higher and more sustained than
peroxynitrite, as the latter has a shorter lifetime (6, 55–57). As
such, it is critical to do control experiments in cells where if
hydrogen peroxide is the key ROS, then inhibiting Nox would
reduce signal as opposed to peroxynitrite, where inhibiting nitric
oxide synthase would reduce signal (36). In the models tested
here, the combination of chemical inhibition of Nox with
diphenyleneiodonium (DPI) or a hydrogen peroxide scavenger
(ebselen) along with a genetic Nox knockout support hydrogen
peroxide detection. To establish activity-based labeling of PG1-
FM in a H2O2-dependent manner, we incubated the probe with
bovine serum albumin (BSA) as a model protein substrate in the
presence or absence of H2O2, and the reactions were analyzed by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE). A fluorescent BSA-associated band was observed
only under conditions with H2O2, consistent with H2O2-depen-
dent labeling of the protein with the dye (Fig. 1C) (32, 34). These
data establish that PG1-FM is a H2O2-responsive and H2O2-
selective fluorescent probe that can undergo a secondary labeling
reaction with a model protein upon activity-based sensing. Ad-
ditionally, SDS-PAGE analysis of experiments in which whole-
cell (MFP 231) lysate was treated with varying concentrations of
H2O2 (200 to 1,000 μM) in the presence of PG1-FM (10 μM)
indicated the presence of multiple fluorescent bands. This ex-
periment demonstrates that PG1-FM modifies proteins in a
nonselective manner (SI Appendix, Fig. S2). Similar experiments
in the absence of H2O2 or in the presence of H2O2 (1,000 μM)
and PF2 (10 μM) indicated that no protein labeling had occurred
(SI Appendix, Fig. S2).

PG1-FM Can Monitor Elevations in H2O2 Levels in Live Cells with
Exogenous Peroxide Treatment. We next assessed the ability of
PG1-FM for visualizing changes in H2O2 levels in live cells with
exogenous H2O2 treatment. HeLa cells were prestained with
PG1-FM (10 μM), treated with H2O2 (100 μM) or vehicle con-
trol, washed, and imaged. PG1-FM exhibits minor cellular tox-
icity in the presence of H2O2 when compared with H2O2-treated
HeLa cells in the absence of PG1-FM (SI Appendix, Fig. S4). We
observed that the probe loads evenly throughout the cell and
responds to elevations in H2O2 in both HeLa and MCF10A cells
(SI Appendix, Figs. S5 and S6). These data show that the dual
activity-based sensing and labeling strategy is viable for live-cell
H2O2 imaging. However, as the overall activity-based sensing

Scheme 1. Design and chemical structure of PG1-FM, a dual activity-based
sensing and labeling probe for fluorescence H2O2 detection.
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and labeling scheme is irreversible, the relative levels of H2O2

before and after stimulation can be monitored, but the probe
strategy has limitations in the ability to monitor multiple re-
versible redox cycling events.

PG1-FM Can Image Endogenous H2O2 Production in Live Cells during
Oxidative Stress or Redox Signaling. We next utilized PG1-FM for
imaging endogenous H2O2 fluxes produced by multiple types of
cell models under various stimulation conditions. Our first set of
experiments along these lines evaluated the performance of the
probe under conditions of oxidative stress induced by paraquat
treatment. HeLa cells were stimulated with or without paraquat
(1 mg/mL) for 24 h to induce ROS and oxidative stress, followed
by staining with PG1-FM for 30 min, washing, and imaging.
HeLa cells exposed to paraquat showed patent H2O2-dependent
fluorescence increases compared to untreated counterparts as
observed by confocal microscopy (Fig. 2A). Because the probe is
cell trappable, we verified the observed fluorescence enhance-
ments using flow cytometry (Fig. 2 B and C), highlighting its
utility in this analytical method as well.

We next applied PG1-FM to detect endogenous H2O2 pro-
duced by growth factor stimulation in A431 cells, a skin cancer
cell line that has high expression levels of the epidermal growth
factor receptor (EGFR) and is known to generate H2O2 by
stimulation with epidermal growth factor (EGF) through Nox
activity (36, 58). Owing to the fast generation of H2O2 by EGF
stimulation relative to paraquat, A431 cells were stained with
PG1-FM first and then treated with 1 μg/mL of EGF or vehicle
control for 30 min, washed, and imaged. Confocal microscopy
images show a clear increase in fluorescence for EGF-stimulated
A431 cells over control counterparts (Fig. 3A). Moreover, ad-
dition of DPI as a broad-spectrum Nox inhibitor or ebselen as a
general antioxidant quencher of H2O2 inhibited H2O2-induced
enhancements in PG1-FM fluorescence (Fig. 3B).
Finally, we tested the ability of PG1-FM to monitor H2O2

production in RAW 264.7 macrophages. This mouse leukemia
macrophage cell model is known to generate H2O2 via superoxide
by stimulation with phorbol 12-myristate 13-acetate (PMA), which
activates Nox through a protein kinase C–dependent pathway (59).
PMA (1 μg/mL)-treated cells for 60 min showed higher PG1-FM
fluorescence relative to control cells by both confocal microscopy

Scheme 2. Synthesis of PG1-FM. Reagents and conditions are the following: (A) hexamethylenetetramine, TFA, 90 °C, 16 h; (B) H2O, 95 °C, 1 h; (C) N-phenyl-
bis(trifluoromethanesulfonimide), Cs2CO3, MeCN, room temperature (r.t.), 1 h; (D) NaBH(OAc)3, AcOH, THF/MeOH, 1 h; (E) DAST, CH2Cl2, −20 °C to r.t., 1 h;
and (F) Bis(pinacolato)diboron, Pd(dppf)Cl2, KOAc, Dioxane, 80 °C, 3 h. PF2 is used throughout this study as a control compound which is responsive toward
H2O2 but does not undergo biomolecule labeling.

Fig. 1. Fluorescence responses and activity-based sensing and labeling properties of PG1-FM. (A) Activity-based sensing fluorescence responses of 1 μM PG1-
FM to 25 μMH2O2. Data were acquired in phosphate-buffered saline (PBS) (pH 7.4) at 37 °C with 488 nm excitation. (B) Fluorescence responses of 1 μM PG1-FM
toward biologically relevant competing ROS and reactive nitrogen species. Data were acquired in PBS (pH 7.4) at 37 °C with 488 nm excitation. (C) H2O2-
dependent activity-based labeling of PG1-FM to BSA. A solution of BSA (0.5 mg/mL) and PG1-FM (1 μM) in PBS (pH 7.4) was incubated with or without H2O2

(100 μM) and analyzed by SDS-PAGE gel.
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and flow cytometry assays (Fig. 4). Moreover, as observed for
the EGF-stimulated A431 models, fluorescence increases are
blocked by DPI or ebselen (Fig. 4 A–C). Taken together, the
collective results establish that the dual activity-based sensing
and labeling probe PG1-FM is effective for detecting exoge-
nous and endogenous changes in H2O2 levels across a range of
cell models and stimulation conditions by both microscopy and
flow cytometry.

PG1-FM Enables Direct Visualization of Transcellular H2O2 Communication
in a Microglia–Neuron Coculture Model. With data showing that PG1-
FM can monitor H2O2 produced for intracellular signaling, we then
proceeded to apply this reagent to studies of transcellular redox
signaling using a microglia–neuron coculture system. This cul-
ture model recapitulates neuronal injury mediated by microglial

activation in diverse disease processes (59–62). Microglia are
specialized resident macrophages in the central nervous system,
and they can be activated to produce H2O2 via superoxide by
stimulation with lipopolysaccharide (LPS) and interferon-
gamma (IFN-γ) (63). p47phox (phox: phagocyte oxidase) is
known to be mandatory for production of superoxide and H2O2
in microglia cells. Neurons do not respond to LPS in this man-
ner, so the coculture system provides a means of visualizing
transfer of ROS from one cell type (microglia) to another
(neurons) by selective activation of microglia.
Microglia and neuron monocultures and microglia–neuron

cocultures were prepared and treated with LPS (500 ng/mL) and
IFN-γ (50 ng/mL) overnight and then incubated with PG1-FM
(10 μM) for 1 h. PG1-FM localization in microglia and neurons
was identified using the MAP2 as a neuronal marker and Iba-1 as

Fig. 2. PG1-FM imaging of endogenous H2O2 generation in live HeLa cells under oxidative stress conditions stimulated by paraquat. (A) Confocal microscopy
images of HeLa cells treated with or without paraquat (1 mg/mL) for 24 h, stained with PG1-FM (10 μM) for 1 h, washed twice with HBSS, and imaged. (Scale
bar: 50 μm.) (B) Flow cytometry analysis of the cells treated with or without paraquat using PG1-FM using same conditions as A. (C) Flow cytometric data
quantified with mean value. **P < 0.01.

Fig. 3. PG1-FM imaging of endogenous H2O2 generation in live A431 cells under redox signaling conditions with EGF stimulation. (A) Confocal microscopy
(Top) and overlaid brightfield (Bottom) images of A431 cells stained with PG1-FM (10 μM) and then treated with EGF (1 μg/mL) or vehicle control for 30 min,
washed and imaged, or first pretreated with Nox inhibitor DPI (5 μM) or antioxidant ebselen (5 μM) for 30 min in HBSS solution before PG1-FM staining and
EGF stimulation. (B) Quantification of experiments. (Scale bar: 20 μm.) *P < 0.05.
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a microglial marker. Microglial monocultures treated with LPS/
IFN-γ showed a striking increase in PG1-FM labeling, whereas
neuronal monocultures treated with LPS/IFN-γ did not, as
expected (Fig. 5). In contrast, neurons cocultured with microglia
showed significant increases in PG1-FM signal fluorescence
with LPS/IFN-γ stimulation, indicative of transcellular move-
ment of H2O2 from microglia into the neighboring neurons
(Fig. 5 A–C and SI Appendix, Fig. S7). Interestingly, neuronal
coculture with microglia in the absence of LPS/IFN-γ also led
to a small rise in neuronal H2O2 levels, with a basal level of
activation in the cultured microglia (Fig. 5 A–C and SI Ap-
pendix, Fig. S7).
To confirm that the neuronal PG1-FM signal was caused by

microglial ROS production, rather than signaling to induce
neuronal ROS production, we also performed the coculture
studies with p47pho knockout (p47phox−/−) microglia cells. These
cells are unable to form a functional NOX2 complex and are thus
unable to generate H2O2, even when stimulated with LPS/IFNγ
(SI Appendix, Fig. S8). As expected, in the coculture system with
neurons and p47phox−/− microglia, neurons labeled with PG1-FM
do not show significant fluorescence increases upon stimulation
compared to neurons cocultured with wild-type (WT) microglia
cells, confirming that the observed elevations in H2O2 levels in
neurons are dependent on p47phox-mediated ROS production
in microglia (Fig. 6 A–C). The observed microglia-mediated

increases in neuronal H2O2 levels thus establish the ability of
PG1-FM to capture and record intracellular H2O2 fluxes as
well as distinguish H2O2-positive cells from H2O2-negative
cells in complex coculture models with single-cell resolution.

Concluding Remarks
We have presented the design, synthesis, and biological appli-
cations of a tandem activity-based sensing and labeling probe
strategy for fluorescence imaging of H2O2 that enables the ability
to provide an integrated recording of H2O2 fluxes with perma-
nent retention of spatial resolution. PG1-FM features an activity-
based boronate trigger for selective and sensitive H2O2 detection
coupled to a fluoromethyl moiety that serves as a latent quinone
methide source for proximal covalent trapping upon the H2O2-
mediated conversion of a boronate to phenol on the reporter
probe. This unique reagent is capable of monitoring changes in
H2O2 levels through endogenous sources across a range of cell
types and stimulations using both microscopy and flow cytom-
etry, including the direct observation of transcellular redox sig-
naling between microglia and neurons in a coculture model
system where selective stimulation of microglia results in rises in
intracellular levels of H2O2 in neighboring neurons. Microglial
ROS production contributes to neuronal injury in neurodegen-
erative disorders, ischemic stroke, brain trauma, and other set-
tings (59–61), but the transient nature of ROS in living cells has

Fig. 4. PG1-FM imaging of endogenous H2O2 generation in live RAW264.7 macrophage cells under inflammatory immune response conditions with PMA stimu-
lation. (A) Confocal microscopy (Top) and brightfield (Bottom) images of RAW264.7 macrophages stained with PG1-FM (10 μM) and then treated with PMA (1 μg/mL)
or vehicle control for 60 min, washed, and imaged or first pretreated with Nox inhibitor DPI (5 μM) or antioxidant ebselen (5 μM) for 30 min in HBSS solution (250 μL)
before replacing the solutions in the wells with a mixture of PG1-FM and PMA in the presence of additional DPI (5 μM) or ebselen in HBSS (5 μM). (B) Flow cytometry
histograms and (C) quantification of mean value fluorescence intensity using PG1-FM under same conditions as A. (Scale bar: 36 μm.) *P < 0.01.
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Fig. 5. PG1-FM imaging of transcellular H2O2 signaling in microglia–neuron cocultures. (A) Representative images of neuronal monocultures and neurons
cocultured with microglia. The cultures were treated overnight with 500 ng/mL LPS + 50 ng/mL IFN-γ, incubated with 10 μM PG1-FM (green) for 1 h, and
immunostained for the neuronal marker MAP2 (red). (Scale bar: 50 μm.) (B) Magnification of boxed areas in merged images in (A), showing intraneuronal
H2O2 signal only in neurons cocultured with microglia and increase in the H2O2 signal microglial stimulation by LPS/IFN-γ. (Scale bar: 10 μm.) (C) Values plotted
as PG1-FM fluorescence intensity within MAP2 positive area; mean ± SEM, normalized to the neuron/microglia control condition. n = 3, with 9 to 11 fields in
each condition examined per repetition. Neu: neurons, Mic: microglia. *P < 0.05.
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Fig. 6. PG1-FM imaging of transcellular H2O2 signaling in neurons cultured with WT microglia and p47phox knockout microglia. (A) Representative images of
neuron/microglia cocultures treated overnight with 500 ng/mL LPS + 50 ng/mL IFN-γ. Cultures were incubated with 10 μM PG1-FM (green) for 1 h and
immunostained for the neuronal marker MAP2 (red). PG1-FM signal was increased in neurons cultured with WT microglia, but not in neurons cultured with
p47phox−/− microglia. (Scale bar: 50 μm.) (B) Magnification of boxed areas in merged images in A. (Scale bar: 10 μM.) (C) Values plotted as PG1-FM fluorescence
intensity within MAP2 positive area; mean ± SEM, normalized to the neuron/microglia (WT) control condition. n = 3, with 8 to 11 fields examined per
repetition. Neu: neurons, Mic: microglia. *P < 0.05.
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limited efforts to identify temporal and spatial aspects of these
processes. Our findings presage opportunities to explore conse-
quences of microglial and other sources of ROS diseasing these
and related disorders. By directly visualizing H2O2 elevations
triggered by transcellular activation, this work reveals a role for
H2O2, and most certainly other ROS, in cell-to-cell communi-
cation more broadly.
On the chemistry side, owing to the variety of available

phenol-based fluorophores, the fluoromethyl motif can serve as a
latent masked quinone methide to produce probes spanning a
palette of colors and additional targeting groups to further in-
crease spatial and temporal resolution. Indeed, beyond applica-
tions for PG1-FM and related imaging probes for recording
localized and integrated H2O2 activity in larger and more com-
plex cell populations, the combination of activity-based sensing
and labeling strategies can be applied to a broader range of
analytes to decipher new biology (64, 65).

Materials and Methods
Reagents and Instruments. General chemicals were purchased from Tokyo
Chemical Industry Co., Aldrich Chemical Co., and Thermo Fisher and were
used without purification unless otherwise noted. 1H NMR, 13C NMR, and 19F
NMR spectra were recorded using Bruker AVB-400, AVQ-400, and AV-300
spectrometers at the College of Chemistry nuclear magnetic resonance
(NMR) Facility at the University of California, Berkeley. Low-resolution
electrospray mass spectral analyses were performed using a liquid
chromatography-mass spectrometry (LC-MS) (Advion Expression-L Compact
MS, electrospray ionization [ESI] source). High-resolution mass spectra were
measured at the College of Chemistry Mass Spectrometry Facility at the
University of California, Berkeley. Fluorescence spectra were measured using
a Photon Technology International Quanta Master 4 L-format scan spectro-
fluorometer equipped with an LPS-220B 75-W xenon lamp and power sup-
ply, A-1010B lamp housing with integrated igniter, switchable 814
photocounting/analog photomultiplier detection unit, and MD5020 motor
driver. Fluorescence images were obtained with a Zeiss LSM 880 confocal
laser scanning microscopy system, excited at 488 nm using a 500 to 650 nm
filter for PG1-FM. Cell viability assay on 96-well plates was performed with a
synergy plate reader (BioTek).

Cell Culture. Cells were grown at the UC Berkeley Tissue Culture Facility. HeLa,
RAW264.7, and A431 cells were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM) (high glucose) supplemented with 10% fetal bovine serum,
GlutaMAX, and non-essential amino acid (NEAA). All cells were maintained
in a humidified 5% CO2 incubator at 37 °C.

Representative Live-Cell Imaging Experiments: HeLa or MCF10A Cells with H2O2

Treatment. Cells were washed twice with Hank’s Balanced Salt Solution
(HBSS) buffer (250 μL) before treatments. Cells were treated with PG1-FM
(10 μM) or PF2 (10 μM) in HBSS (250 μL) and placed in a humidified 5% CO2

incubator at 37 °C for 30 min. The cells were washed with HBSS (250 μL)
twice, and treated with H2O2 (250 μL, 100 μM in HBSS) and placed in a hu-
midified 5% CO2 incubator at 37 °C for 60 min. The cells were observed on
confocal microscope after washing with HBSS (250 μL) twice.

Representative Live-Cell Imaging Experiments: RAW264.7 Cells with Endogenous
Stimulation. RAW264.7 cells were plated on a μ-slide 8-well (ibidi) plate and
cultured at 37 °C overnight in a 5% CO2 incubator. The cells were pretreated
with inhibitors, DPI (5 μM), or Ebselen (5 μM) for 30 min in HBSS (250 μL per
well). Afterward, the solutions in the wells were replaced with mixtures of
PG1-FM (10 μM), PMA (1 μg/mL), and additional DPI or ebselen (5 μM) in HBSS
(250 μL per well). The cells were observed on confocal microscope after
washing with HBSS twice.

Flow Cytometric Analysis. RAW264.7 cells were plated on a 6-well plate and
cultured at 37 °C overnight in a 5% CO2 incubator. The cells were pretreated
with inhibitors, DPI (5 μM), or Ebselen (10 μM), for 30 min in HBSS. After-
ward, the cells were coincubated with PG1-FM (5 μM) and PMA (1 μg/mL)
with or without DPI or Ebselen. The cells were harvested by 0.05% Trypsin
with EDTA, filtered, and analyzed with flow cytometer.

Primary Neuron and Microglia Isolation and Culture. Procedures were ap-
proved by the San Francisco Veterans Affairs Medical Center Institutional
Animal Care and Use Committee. Primary neuronal cultures were prepared
from cortices harvested from embryonic day 18 to 20 C57BL/6 mice. Cell
suspensions were prepared from the cortices by papain digestion and trit-
uration, and the isolated cells were plated on poly-D-lysine (PDL)–coated
coverslips in Opti-MEM medium (Gibco, 31985) at 4 × 105 cells/mL and
allowed to attach for 1 h. Medium was replaced with Neurobasal media
(Gibco, 21103049) supplemented with B-27, 2 mM L-glutamine, and 1 mM
sodium pyruvate for 7 to 10 d before treatment. Microglia cultures were
prepared from postnatal day 0 or 1 C57BL/6 WT or p47phox knockout mice.
Cell suspensions were prepared from the cortices by papain digestion and
trituration, and the isolated cells were plated on PDL-coated flasks in DMEM
(Gibco, A14430) containing 10% fetal bovine serum, 1% penicillin/strepto-
mycin, 5 mM glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate. Me-
dium was renewed the following day to remove cell debris. At day 5, 10 ng/mL
Granulocyte-macrophage colony-stimulating factor (Biolegend, 576302) was
added to promote microglial proliferation. To collect microglia growing on the
top of the confluent astrocyte layer, the flasks were tapped and shaken
quickly, and floating cells were collected, centrifuged, and replated in the glia-
conditioned medium on PDL-coated plates at a density of 2 × 105 cells/mL or
on the top of the neuronal culture at a density of 1 × 105 cells/mL. Cultures
were used for further analysis the following day.

Primary Culture Treatments and Labeling with PG1-FM. Microglia, neurons,
and microglia–neuron cultures were incubated in HBSS with no phenol red,
with or without 500 ng/mL LPS + 50 ng/mL IFN-γ and incubated overnight.
Then, 10 μM PG1-FM was directly added to the wells for 1 h and cells were
fixed with 4% paraformaldehyde solution.

Immunofluorescence. Fixed cells were permeabilized with 0.3% triton-X for
10 min then incubated for 1 h with blocking buffer. Cells were incubated over-
night at 4 °C with primary antibodies diluted in blocking buffer, and the anti-
bodies used were mouse anti-MAP2 (Millipore, MAB3418, 1:1,000), goat anti-Iba1
(Abcam, ab107159, 1:500), or rabbit anti-Iba1 (Fujifilm, 019–19741, 1:500). After
washing, cells were incubated 1 h with Alexa Fluor–conjugated secondary anti-
bodies that do not interfere with the PG1-FM dye signal. Images were acquired
using a Zeiss Spinning Disk Confocal microscope. Immunofluorescence intensity of
PG1-FM was calculated per number of cells, for microglia culture images or per
MAP2-positive area of individual cells, for coculture images using the ImageJ/Fiji
software. Photographs and data analysis were done by an individual who was
blinded to the experimental conditions.

Statistics. All experiments were performed in triplicate and analyzed with
GraphPad Prism 8, and data were expressed as mean ± SEM. Comparisons
between groups of treatments were carried out using one-way analysis of
variance followed by Tukey’s multiple comparison test. Data were consid-
ered statistically significant when P < 0.05.

Data Availability.All study data are included in the article and/or SI Appendix.
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